The application of electric field promotes benzene oxidation significantly over Pd/Co x Ce y catalysts. For 1% Pd loading catalysts, the complete oxidation of benzene can be realized at 175 • C with an electric field under an input current of 3 mA, 79 • C lower than the temperature demanded for complete benzene conversion without electric field. The introduction of electric field can save Pd loading in the catalysts while maintaining high benzene conversion. The characterization experiments showed that CeO 2 reduction was accelerated with electric field and created more active oxygen, promoting the formation of active sites on the catalyst surface. The OH removal ability of PdO was enhanced by forming CoO(OH) species, which can easily dehydroxylate since the reduction of Co 3+ was promoted by the electric field. The optimized Ce/Co ratio is a balance between oxygen availability and OH removal ability. application of an electric field promoted system on other catalytic fields has not been reported. In this study, the electric field was applied to improve benzene oxidation over Pd based catalysts.
Introduction
Nowadays, volatile organic compound (VOC) abatement has aroused wide concern due to its harmful effects on human health and the environment [1] . Exposure to VOCs can induce mutagenic and teratogenic effects on human body and cause cancer, cardiovascular, and other insusceptible diseases. Among various VOC removal methods, catalytic oxidation has been suggested as the most effective technique and has been extensively investigated for many decades [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Precious metal based catalysts such as Pd and Pt have be proved to be highly active for benzene oxidation. However, complete benzene conversion over the most effective catalysts that have been studied cannot be achieved below 200 • C [5, [10] [11] [12] and a high loading of noble metal is demanded to further promote the catalytic activity, leading to increasing costs of catalysts. Thus, more effort should be focused on cutting down noble metal loading while maintaining high catalytic activity.
Recently, an electric field promoted catalytic system was reported by Y. Sekine' group [13] [14] [15] [16] [17] , who proved that the electric field could highly improve the reaction at low temperature. In previous work [14, 17, 18] , the electric field promoted system was applied on CH 4 oxidation over Pd/Ce m Zr n and Pd/Co 3 O 4 series catalysts, and ignition of CH 4 occurred at a temperature below 300 • C over catalysts with only 1% Pd loading, nearly 70 • C lower than the conventional reaction system. However, further
Results

Benzene Oxidation Activity
As shown in Figure 1 , The benzene conversion increased obviously with the input current and complete benzene oxidation could be realized below 200 • C over catalysts under 3 mA. However, there was no obvious promotion of catalytic activity as the input current rose from 3 mA to 4 mA. Thus, 3 mA was selected as the optimal current value considering the input power consumption. Figure 2 illustrates the benzene conversion over catalysts with different Ce/Co ratios and Pd loading. Without the application of the electric field, the impact of the Ce/Co ratio on catalytic activity was distinct in the order of Ce 0.5 Co 0.5 > Ce 0.75 Co 0.25 > Ce 0.25 Co 0.75 . However, catalysts with a Ce 0.25 Co 0.75 oxide support exhibited the highest activity with a T 90 of 175 • C under an electric current of 3 mA, demonstrating that the promoting effect of an electric field is highly dependent on the Ce/Co ratio. The performances of catalysts with different Pd doping percent are shown in Figure 2b . The T 90 of the m% Pd/Co 0.75 Ce 0.25 catalyst decreased as the Pd loading level increased, and the promotion effect of the electric current could compensate for the activity decline caused by an decrease in the Pd loading. The light off temperature over 1% Pd/Co 0.75 Ce 0.25 under the electric current of 3 mA was 229 • C, lower than that of 233 • C over catalysts with a 2% Pd loading, suggesting that the introduction of an electric current can save Pd loading while maintaining a high level of catalytic activity. Table 1 illustrates the input current and voltage in the experiment. It can be found that the input voltage varied due to the change in electric assistance of the catalyst at different temperatures.
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Results
Benzene Oxidation Activity
As shown in Figure 1 , The benzene conversion increased obviously with the input current and complete benzene oxidation could be realized below 200 °C over catalysts under 3 mA. However, there was no obvious promotion of catalytic activity as the input current rose from 3 mA to 4 mA. Thus, 3 mA was selected as the optimal current value considering the input power consumption. Figure 2 illustrates the benzene conversion over catalysts with different Ce/Co ratios and Pd loading. Without the application of the electric field, the impact of the Ce/Co ratio on catalytic activity was distinct in the order of Ce0.5Co0.5 > Ce0.75Co0.25 > Ce0.25Co0.75. However, catalysts with a Ce0.25Co0.75 oxide support exhibited the highest activity with a T90 of 175 °C under an electric current of 3 mA, demonstrating that the promoting effect of an electric field is highly dependent on the Ce/Co ratio. The performances of catalysts with different Pd doping percent are shown in Figure 2b . The T90 of the m% Pd/Co0.75Ce0.25 catalyst decreased as the Pd loading level increased, and the promotion effect of the electric current could compensate for the activity decline caused by an decrease in the Pd loading. The light off temperature over 1% Pd/Co0.75Ce0.25 under the electric current of 3 mA was 229 °C, lower than that of 233 °C over catalysts with a 2% Pd loading, suggesting that the introduction of an electric current can save Pd loading while maintaining a high level of catalytic activity. Table 1 illustrates the input current and voltage in the experiment. It can be found that the input voltage varied due to the change in electric assistance of the catalyst at different temperatures. Figure 3 illustrates the Arrhenius plots on benzene oxidation for the tested samples. The Ea for the oxidation reaction was potentially reduced under an electric field. The Ea over the 1% Pd/Co0.75Ce0.25 catalyst was 54.9 kJ in the electric field, compared with 110.5 kJ in the reaction without an electric field. Pd loading lowered the Ea value in the conventional catalytic reaction, however, there was hardly any difference between the Ea values over catalysts with different Pd loading levels under 3 mA. This indicates that the enhancement of the electric current for benzene oxidation mainly occurred on the support of the catalyst. Figure 3 illustrates the Arrhenius plots on benzene oxidation for the tested samples. The E a for the oxidation reaction was potentially reduced under an electric field. The E a over the 1% Pd/Co 0.75 Ce 0.25 catalyst was 54.9 kJ in the electric field, compared with 110.5 kJ in the reaction without an electric field. Pd loading lowered the E a value in the conventional catalytic reaction, however, there was hardly any difference between the E a values over catalysts with different Pd loading levels under 3 mA. This indicates that the enhancement of the electric current for benzene oxidation mainly occurred on the support of the catalyst. Figure 3 illustrates the Arrhenius plots on benzene oxidation for the tested samples. The Ea for the oxidation reaction was potentially reduced under an electric field. The Ea over the 1% Pd/Co0.75Ce0.25 catalyst was 54.9 kJ in the electric field, compared with 110.5 kJ in the reaction without an electric field. Pd loading lowered the Ea value in the conventional catalytic reaction, however, there was hardly any difference between the Ea values over catalysts with different Pd loading levels under 3 mA. This indicates that the enhancement of the electric current for benzene oxidation mainly occurred on the support of the catalyst. and Co 3+ (0.65 Å) was lower than the Ce 3+ or Ce 4+ [23, 24] .
As shown in Figure 4b , CeO 2 related reflections in the XRD profiles of treated catalysts exhibited a shift to a lower degree. Compared with fresh catalysts, the lattice parameter and weak peak intensity of the treated catalysts were smaller, which may have been caused by Ce 4+ reduction under an electric field. Diffraction reflections of Co 3 O 4 hardly underwent any change under the electric field, suggesting that the reduction degree of Co 3 O 4 is low when compared with CeO 2 . However, since no Ce 2 O 3 and CoO were detected in the XRD profiles, the reduction of CeO 2 and Co 3 O 4 under an electric current needs to be further proven by the following experiment.
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Catalyst Characterization
As shown in Figure 4b , CeO2 related reflections in the XRD profiles of treated catalysts exhibited a shift to a lower degree. Compared with fresh catalysts, the lattice parameter and weak peak intensity of the treated catalysts were smaller, which may have been caused by Ce 4+ reduction under an electric field. Diffraction reflections of Co3O4 hardly underwent any change under the electric field, suggesting that the reduction degree of Co3O4 is low when compared with CeO2. However, since no Ce2O3 and CoO were detected in the XRD profiles, the reduction of CeO2 and Co3O4 under an electric current needs to be further proven by the following experiment. 20 30 40 50 60 70 The XPS results of Ce 3d are shown in Figure 5a . The spectra can be fitted with eight asymmetric peaks, and the peaks at 885.6 eV and 903.8 eV were ascribed to the Ce 3+ species and others were related to the Ce 4+ species [25, 26] . It is widely accepted that Ce 3+ can promote the formation of lattice oxygen defects and redox transformation between Ce 3+ and Ce 4+ , which are associated with catalytic activity at low temperature [18, 27] . As shown in Table 2 , the Ce 3+ concentration increased with the Co/Ce ratio of the sample, indicating the reduction of Ce 4+ by Co 2+ incorporated in the lattice. However, the activity of the catalyst did not show the same trend, which may be due to the fact that the increase in the Co/Ce ratio led to a low absolute content of Ce species. After being treated under an electric field with the input current of 3 mA, the samples possessed a higher Ce 3+ concentration on the surface, indicating the reduction of Ce 4+ to Ce 3+ with an electric current through the catalyst. The CeO2 fluorite structure is a typical oxide semiconductor with oxygen ion conducting behaviors, and tends to undergo a valence decrease due to the access to electrons from the input current.
The Co 2p spectra is composed of two peaks of Co 2p3/2 and Co 2p1/2 with a binding energy value at 780. 3 The XPS results of Ce 3d are shown in Figure 5a . The spectra can be fitted with eight asymmetric peaks, and the peaks at 885.6 eV and 903.8 eV were ascribed to the Ce 3+ species and others were related to the Ce 4+ species [25, 26] . It is widely accepted that Ce 3+ can promote the formation of lattice oxygen defects and redox transformation between Ce 3+ and Ce 4+ , which are associated with catalytic activity at low temperature [18, 27] . As shown in Table 2 , the Ce 3+ concentration increased with the Co/Ce ratio of the sample, indicating the reduction of Ce 4+ by Co 2+ incorporated in the lattice. However, the activity of the catalyst did not show the same trend, which may be due to the fact that the increase in the Co/Ce ratio led to a low absolute content of Ce species. After being treated under an electric field with the input current of 3 mA, the samples possessed a higher Ce 3+ concentration on the surface, indicating the reduction of Ce 4+ to Ce 3+ with an electric current through the catalyst. The CeO 2 fluorite structure is a typical oxide semiconductor with oxygen ion conducting behaviors, and tends to undergo a valence decrease due to the access to electrons from the input current.
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The Co 2p spectra is composed of two peaks of Co 2p 3/2 and Co 2p 1/2 with a binding energy value at 780.3 and 796.1 eV, respectively. The asymmetric peaks in Co 2p 3/2 ranging from 780.3 to 780.8 and 779.3 to 779.7 eV corresponded to the tetrahedral Co 2+ and octahedral Co 3+ in Co 3 O 4 . The satellite peak at 786.5 eV was ascribed to the octahedral Co 2+ cation in Co 3 O 4 , indicating that the Co 3 O 4 spinel was partially inverse. As shown in Table 3 , For fresh samples, the ratios of Co 2+ /(Co 2+ + Co 3+ ) decreased with the rise in the Co/Ce ratio; in contrast to the trend of the Ce 3+ /(Ce 4+ + Ce 3+ ) ratio, indicating that the equation below may occur in the synthesis procedure.
After being treated in the electric field, the Co 2+ /(Co 2+ + Co 3+ ) ratio increased and the treated 1% PdCe 0.5 Co 0.5 showed the highest Co 2+ content, which is a balance between Equations (2) and (3).
The O 1s spectra can be divided into two main peaks, as shown in Figure 5c . 25 , indicating that the Ce species is more responsible for the formation of O A due to the fact that the reduction of Ce 4+ is quicker than that of the Co 3+ reduction with an electric current through the catalysts. It can be concluded from the XPS results that CeO 2 and Co 3 O 4 can easily be reduced by gaining electrons from the input electric current. Additionally, the quick reduction of CeO 2 can release more active oxygen species, which is beneficial for benzene oxidation.
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H 2 -Temperature Programed Reduction
H 2 -TPR was conducted to study the reducibility of the 1% PdCe x Co y catalysts. As Figure 6 shows, the α-peak centered at 312 • C was ascribed to the Co 3 O 4 to CoO reduction and the β-peak at around 380 • C corresponded to the CoO to Co 0 reduction [28, 29] . The peak µ and v centered at 421 • C and 629 • C were related to the reduction of Ce 4+ → Ce 3+ [30] . In the case without the electric field, the peak corresponding to the Pd 2+ reduction was not obvious due to the low loading percentage of the Pd in the tested catalysts. The intensity of peak α corresponding to the Co 3+ reduction increased with the rise in the Ce/Co ratio, indicating that more Co 3 O 4 formed on the surface of the catalysts with high Ce content. The H 2 consumption of Ce 4+ reduction did not increase linearly with Ce content, indicating that the oxygen in CeO 2 was indulged in the formation of Co 3 O 4 and consumed at a lower temperature.
(termed as m% 1% PdCexCoy *, the input current is 3 mA). (a) Ce (3d); (b) Co (2p)' and (c) O (1s). 
H2-Temperature Programed Reduction
H2-TPR was conducted to study the reducibility of the 1% PdCexCoy catalysts. As Figure 6 shows, the α-peak centered at 312 °C was ascribed to the Co3O4 to CoO reduction and the β-peak at around 380 °C corresponded to the CoO to Co 0 reduction [28, 29] . The peak μ and v centered at 421 °C and 629 °C were related to the reduction of Ce 4+ → Ce 3+ [30] . In the case without the electric field, the peak corresponding to the Pd 2+ reduction was not obvious due to the low loading percentage of the Pd in the tested catalysts. The intensity of peak α corresponding to the Co 3+ reduction increased with the rise in the Ce/Co ratio, indicating that more Co3O4 formed on the surface of the catalysts with high Ce content. The H2 consumption of Ce 4+ reduction did not increase linearly with Ce content, indicating that the oxygen in CeO2 was indulged in the formation of Co3O4 and consumed at a lower temperature.
In the case with an electric field, the peak intensity of Pd reduction increased significantly, indicating that more Pd with a high valence first formed with the electric current through the catalysts and then reduced by H2. Since the H2-TPR was conducted under no gaseous oxygen, the oxygen species from catalysts play an important role on the oxidation of Pd 0 and the formation of Pd 2+ . The formation of Pd 2+ will provide more active sites for benzene oxidation. The peak intensity of Co 3+ reduction also increased under electric field while the reduction peak related to Ce 4+ was weakened. It can be concluded that the reduction of CeO2 in the electric field provides active oxygen species for the formation of PdOx species, which are highly active and provide sites for benzene adsorption and oxidation, leading to promoted catalytic activity at low temperature. In the case with an electric field, the peak intensity of Pd reduction increased significantly, indicating that more Pd with a high valence first formed with the electric current through the catalysts and then reduced by H 2 . Since the H 2 -TPR was conducted under no gaseous oxygen, the oxygen species from catalysts play an important role on the oxidation of Pd 0 and the formation of Pd 2+ . The formation of Pd 2+ will provide more active sites for benzene oxidation. The peak intensity of Co 3+ reduction also increased under electric field while the reduction peak related to Ce 4+ was weakened. It Catalysts 2019, 9, 1071 7 of 11 can be concluded that the reduction of CeO 2 in the electric field provides active oxygen species for the formation of PdO x species, which are highly active and provide sites for benzene adsorption and oxidation, leading to promoted catalytic activity at low temperature. Figure 7 illustrates the in situ DRIFTS spectra of benzene oxidation at different temperatures. Without an electric current through the catalysts, the peak at 1155 cm −1 attributed to the O 2− bands of the absorbed gaseous O 2 was detected at 200 • C, and bands of the hydroxyl group (1633 cm −1 ) and CO/CC (1598 and 1420 cm −1 ) appeared at a temperature of 150 • C, suggesting that the oxidation of benzene was not by the oxygen species formed by gaseous O 2 in the catalytic oxidation process. This demonstrates that the benzene oxidation may obey the MvK mechanism rather than the E-R mechanism at temperatures below 200 • C. It is hard to tell which mechanism dominates the oxidation process at higher temperatures. The OH group vanished at 250 • C due to quick oxidation to H 2 O. Bands of CO/CC species decreased with the temperature, giving rise to the band intensity of carbonate species (1360 and 1240 cm −1 ) and CO 2 (2360 cm −1 ). With an electric current through the catalysts, weak bands of CO/CC species at 1557 and 1430 cm −1 were detected only at 100 • C and 150 • C, while carbonates (1369 and 1238 cm −1 ) and CO 2 (2350 cm −1 ) related bands with a higher intensity were detected at the same temperature. This indicates the accelerated oxidation of benzene species in the electric field. Bands of OH group were not detected, which may be due to quick conversion under an electric field. No obvious changes were observed over the O 2− bands (1158 cm −1 ), which emerged at the temperature above 200 • C, indicating that O 2formed by gaseous oxygen may not be involved in benzene oxidation at a lower temperature. In other words, oxygen species from the bulk lattice may be highly involved in benzene oxidation with electric field at low temperature.
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Discussion
The mechanism on benzene oxidation over Pd-based catalysts has been investigated intensely for the last few decades [5, 10, 12, 21] . The rate determining step in benzene combustion at low temperature is the activation of the C-H bond over the PdO phase [31] . In the E-R reaction model, gaseous oxygen species will first adsorb on the active sites and then get involved in benzene oxidation. Furthermore, in the E-R reaction model, the benzene was mainly oxidized by oxygen species from the bulk catalyst. According to the Fourier Transform Infrared Spectrometer results, the oxidation of benzene obeys the MvK mechanism and the availability of oxygen from the bulk catalyst plays an important role in benzene oxidation. When an electric field was introduced, more active oxygen species were formed from the CeO2 reduction, making the formation of more [PdOx] sites, thus promoting the benzene catalytic oxidation at low temperature. Since the catalyst under 3 mA exhibited the highest performance, this indicated that most oxygen species can be released from the CeO2 lattice at the input current of 3 mA, and a further increase of input current cannot create more active species on the catalyst surface. When the temperature rises to higher than 200 °C, the 
The mechanism on benzene oxidation over Pd-based catalysts has been investigated intensely for the last few decades [5, 10, 12, 21] . The rate determining step in benzene combustion at low temperature is the activation of the C-H bond over the PdO phase [31] . In the E-R reaction model, gaseous oxygen species will first adsorb on the active sites and then get involved in benzene oxidation. Furthermore, in the E-R reaction model, the benzene was mainly oxidized by oxygen species from the bulk catalyst. According to the Fourier Transform Infrared Spectrometer results, the oxidation of benzene obeys the MvK mechanism and the availability of oxygen from the bulk catalyst plays an important role in benzene oxidation. When an electric field was introduced, more active oxygen species were formed from the CeO 2 reduction, making the formation of more [PdO x ] sites, thus promoting the benzene Catalysts 2019, 9, 1071 8 of 11 catalytic oxidation at low temperature. Since the catalyst under 3 mA exhibited the highest performance, this indicated that most oxygen species can be released from the CeO 2 lattice at the input current of 3 mA, and a further increase of input current cannot create more active species on the catalyst surface. When the temperature rises to higher than 200 • C, the adsorption of gaseous oxygen occurs and maybe both the MvK and E-R model dominate the benzene oxidation process.
Furthermore, the activity of Pd sites can be inhibited by the adsorption of water molecules and formation of less active PdOOH [31, 32] , resulting in the weakness of the catalyst performance. It was reported that CoO can facilitate the refresh of Pd sites by obtaining OH from the PdOOH species and formed CoOOH. However, the further dehydroxylation of CoOOH is a slow process. The FTIR experiment showed that the hydroxyl group species were not detected with an electric current through the catalysts, indicating that the removal of the hydroxyl group on the catalyst surface by transfer to the cobalt spinel was significantly accelerated, which may be another important factor leading to the promotion of benzene oxidation with an electric field. The quick removal of the OH group with an electric current through the catalysts can be attributed to the accelerated conversion of CoOOH to CoO due to the enhanced reducibility of Co 3+ with an electric field, which has been demonstrated by the XPS results.
Based on the discussion above, the reduction of CeO 2 with an electric current through the catalysts provide active oxygen species and these oxygen species with high mobility form active sites around Pd species for benzene oxidation. The reduction of Co will facilitate the removal of OH species and promote the regeneration of PdO active sites. The Ce species and Co species in the catalyst is responsible for the formation of active sites (valued as oxygen availability) and the removal of the OH group (valued as OH removal ability) under an electric current. As shown in Figure 8 , the Co/Ce ratio of the catalyst with the highest activity is a balance between these two effects.
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Experimental
Catalyst Synthesis
The Pd/CoxCey catalysts were synthesized by the self-propagating combustion method [33] . Palladium acetate (Pd(OAc)2) was first dissolved in xylene and then the mixture was blended with a Co(NO3)2·6H2O and Ce(NO3)3·6H2O aqueous solution. Glycine (CH2NH2COOH) was poured into the mixture to neutralize nitrates. The solution was then poured into a corundum crucible in a muffle furnace and the temperature was set to 400 °C. After 4.5 h, the residue was collected and sieved to 40-60 meshes. The synthesized catalysts were identified as x% PdComCen, where x is the mass percent of Pd, and m and n represent the mole ratio of the Co and Ce elements.
Catalytic Evaluation Method
The performance of the catalyst for benzene oxidation was evaluated in a cylindrical flow reactor. As shown in Figure 9 , the electric field was generated by a direct current (DC) power supply and 
Experimental
Catalyst Synthesis
The Pd/Co x Ce y catalysts were synthesized by the self-propagating combustion method [33] . Palladium acetate (Pd(OAc) 2 ) was first dissolved in xylene and then the mixture was blended with a Co(NO 3 ) 2 ·6H 2 O and Ce(NO 3 ) 3 ·6H 2 O aqueous solution. Glycine (CH 2 NH 2 COOH) was poured into the mixture to neutralize nitrates. The solution was then poured into a corundum crucible in a muffle furnace and the temperature was set to 400 • C. After 4.5 h, the residue was collected and sieved to 40-60 meshes. The synthesized catalysts were identified as x% PdCo m Ce n , where x is the mass percent of Pd, and m and n represent the mole ratio of the Co and Ce elements.
Catalytic Evaluation Method
The performance of the catalyst for benzene oxidation was evaluated in a cylindrical flow reactor. As shown in Figure 9 , the electric field was generated by a direct current (DC) power supply and applied on the catalyst bed with platinum wire as the electrodes. The DC power supply was set to constant current output mode. The input current can be set to constant and the voltage is dependent on the resistance of the catalysts at different reaction temperatures. A gas mixture of 0.1%C 6 H 6 /10% O 2 /90% N 2 was introduced into the reactor with a volumetric flow rate of 150 mL/min, corresponding to a gas space velocity of 60,000 h −1 . The concentrations of benzene were recorded with gas chromatography and a Thermo Nicolet IS10 FTIR spectrometer.
Catalysts 2020, 10, x FOR PEER REVIEW 9 of 11 applied on the catalyst bed with platinum wire as the electrodes. The DC power supply was set to constant current output mode. The input current can be set to constant and the voltage is dependent on the resistance of the catalysts at different reaction temperatures. A gas mixture of 0.1%C6H6/10% O2/90% N2 was introduced into the reactor with a volumetric flow rate of 150 mL/min, corresponding to a gas space velocity of 60,000 h −1 . The concentrations of benzene were recorded with gas chromatography and a Thermo Nicolet IS10 FTIR spectrometer. 
Catalyst Characterization
The N2 sorption experiment was performed at −196 °C using a Quantachrome NOVA 2000e Automated Gas Sorption Instrument. The structure patterns of the catalysts were collected using a computerized Rigaku D/max-2200/PC x-ray diffractometer (XRD) equipped with Ni-filtered Cu Kα (k = 0.1528) radiation. The surface elemental composition of the catalysts were analyzed with an xray photoelectron spectroscopy (XPS). H2 temperature programing reduction (TPR) tests were performed on Micrometrics Chemisorb 2720 equipment. Before the test, the catalysts were pretreated in N2 at 450 °C for 1 h. The sample was then heated up from 20 °C to 800 °C at 10 °C/min in an atmosphere of 5% H2, balanced with N2. The water vapor from the reduction of Pd and Co3O4 was removed by a cold trap between the detector and the cell. The in situ DRIFTS test was performed by a FTIR spectrometer (Thermo IS 10). Before the test, the catalysts were treated in a N2 atmosphere at 450 °C for 2 h. The spectra were recorded in a range from 4000 to 800 cm −1 at a spectra resolution of 1 cm −1 .
Conclusions
Electric field promoted catalytic system realizes the low temperature catalytic oxidation of benzene over 1% PdCemCon catalysts. The 1% PdCe0.5Co0.5 exhibited the highest activity with the complete conversion of benzene at 185 °C under the electric current of 3 mA. Nearly half the Pd loading can be saved to achieve a high conversion level with an electric current through the catalysts. The characterization results showed that an electric field can enhance the oxygen mobility through facilitating the reduction of CeO2, providing more active sites for benzene oxidation. Inhibition of the produced water molecules on the catalyst activity was eliminated due to the promoted "H2O sink" effect of the Co3O4 support with an electric current through the catalysts. This research provides a novel catalytic technology for promoting the catalytic activities of catalysts with low Pd loading for benzene abatement.
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Catalyst Characterization
The N 2 sorption experiment was performed at −196 • C using a Quantachrome NOVA 2000e Automated Gas Sorption Instrument. The structure patterns of the catalysts were collected using a computerized Rigaku D/max-2200/PC x-ray diffractometer (XRD) equipped with Ni-filtered Cu Kα (k = 0.1528) radiation. The surface elemental composition of the catalysts were analyzed with an x-ray photoelectron spectroscopy (XPS). H 2 temperature programing reduction (TPR) tests were performed on Micrometrics Chemisorb 2720 equipment. Before the test, the catalysts were pretreated in N 2 at 450 • C for 1 h. The sample was then heated up from 20 • C to 800 • C at 10 • C/min in an atmosphere of 5% H 2 , balanced with N 2 . The water vapor from the reduction of Pd and Co 3 O 4 was removed by a cold trap between the detector and the cell. The in situ DRIFTS test was performed by a FTIR spectrometer (Thermo IS 10). Before the test, the catalysts were treated in a N 2 atmosphere at 450 • C for 2 h. The spectra were recorded in a range from 4000 to 800 cm −1 at a spectra resolution of 1 cm −1 .
Conclusions
Electric field promoted catalytic system realizes the low temperature catalytic oxidation of benzene over 1% PdCe m Co n catalysts. The 1% PdCe 0.5 Co 0.5 exhibited the highest activity with the complete conversion of benzene at 185 • C under the electric current of 3 mA. Nearly half the Pd loading can be saved to achieve a high conversion level with an electric current through the catalysts. The characterization results showed that an electric field can enhance the oxygen mobility through facilitating the reduction of CeO 2 , providing more active sites for benzene oxidation. Inhibition of the produced water molecules on the catalyst activity was eliminated due to the promoted "H 2 O sink" effect of the Co 3 O 4 support with an electric current through the catalysts. This research provides a novel catalytic technology for promoting the catalytic activities of catalysts with low Pd loading for benzene abatement.
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